The ethanol synthesis pathway engineered Synechocystis sp. PCC 6803 was used to investigate 11 the influence of metal oxide mediated NADPH regeneration on ethanol synthesis. Among the 12 metal oxides, Fe 2 O 3 and MgO showed considerable improvement in growth, chlorophyll a 13 content and ethanol synthesis. The in-vitro studies proved that the selected metal oxides have the 14 potential to regenerate the NADPH under light illumination. The results clearly indicate that the 15 light energy is the key factor for activation of metal oxides and to a less extent light itself has the 16 possibility for direct regeneration of NADPH. Under optimized light intensity and NADP 17 addition, the maximum MgO mediated ethanol production of 5100mg/L, about a 2-fold increase 18 compared to the control, was obtained after 20 days cultivation at 5L level. This study indicates 19 that the efficient NADPH regeneration aided by metal oxide is crucial to improve ethanol 20 productivity in Synechocystis sp. PCC 6803. 21 IMPORTANCE 22 23 Cyanobacteria are efficient ethanol producing organisms from atmospheric CO 2 upon 24 engineering of pathway. In cyanobacterial ethanol synthesis pathway, NADPH plays an 25 important role acetaldehyde to ethanol conversion. Here we elucidated the NADPH regeneration 26 through extracellular addition of metal oxides. The metal oxide mediated NADPH regeneration 27 study allows us to dissect the importance of metal oxides in enhancing ethanol production 28 through NADPH regeneration while also providing insight into the regulatory functions of metal 29 oxides in growth, photosynthetic apparatus and various carbon metabolisms.
RESULTS AND DISCUSSION

159
Screening of metal oxides for ethanol production 160 The effects of various metal oxides such as CuO, Fe 2 O 3 , MgO, MnO, MoO 2 and ZnO on 161 biomass, chlorophyll a and ethanol concentration were determined by cultivating the pdc-adh 162 engineered Synechocystis in BG11 medium for 20 days. Among the metal oxides analysed, 163 Fe 2 O 3 , MgO, MoO 3 and ZnO showed positive effect on growth, while CuO and MnO showed 164 inhibitory effect on growth (Fig. 1a) . The oxidation states of Cu(I) and Cu(II) make the Cu an 165 ideal factor for oxidoreduction reaction. However, they generate reactive oxygen species through 166 Fenton and Haber-Weis reaction, thereby affecting the lipids, proteins and DNA (35). This 167 nature of Cu affects the Synechocystis, thereby reducing the biomass concentration ( Fig. 1a) . 168 Another metal, Mn is also acting as a cofactor for superoxide dismutase and catalase, butit 169 reduces the growth (Fig. 1a ) by competitively inhibiting the intake of other cofactors at higher with MgO which indicates its favorable contribution towards ethanol production ( Fig. 1c) . The 199 storage carbon such as glycogen, PHB and lipid contents were analysed to understand the flux of 200 carbon sources. As can be seen in Fig. 2 , the Fe 2 O 3 and MgO increased the glycogen, PHB and (6). In the present study, the increased NADPH regeneration mediated by metal oxides has been 251 achieved without engineering other natural pathways of Synechocystis and the production of 252 ethanol is also higher than that reported by Choi and Park (6).
253
Effect of light intensity on biomass, chlorophyll a and ethanol production 254
The light acts as a strong metabolic valve for the photosynthetic organisms. In this context, we 255 examined the influence of continuous light at various intensities on biomass, chlorophyll a and 256 ethanol production (Fig. 5 ). The continuous light highly influencesbiomass, chlorophyll a and 257 ethanol production, which signifies that the light illumination is an indispensable factor to sustain 258 the growth rate and to regenerate the NADPH (9). It should be noted that even in the presence of 259 externally added metal oxides and NADP, the continuous light does not affect the growth upto 260 normal light illumination (100 µE/m 2 /s), which indicates the compatibility of the integrated 261 treatment in cyanobacterial system (Fig. 5a ). When comparing the metal oxides, the Fe 2 O 3 262 showed higher biomass and chlorophyll a content, whereas the MgO produced higher ethanol 263 production ( Fig. 5 and Table 2 ). When comparing the light intensities, the light intensity higher 8, 9) .The alcohol dehydrogenase engineered Rhodobacter sphaeroides could regenerate the co-283 factor efficiently in the presence of light during the production of chlorophenyl ethanol (9).
284
However, the present study showed for the first time the production of ethanol integrated with 285 nanoparticle mediated NADPH regeneration.
286
Flux in carbon metabolism upon NADPH regeneration 287
The intracellular glycogen, PHB and lipid contents in Synechocystis were analysed to monitor 288 the changes in metabolism of engineered strain under NADPH regenerationat 5 L level (Fig. 6b ).
289
After 20 days of growth, the engineered strain produced 23.8% (g/g DCW) glycogen in BG11 
